Abstract This review takes readers back to 1949, when two Australian scientists, Draper and Hodge, reported the first high-resolution electron microscopy images of striated muscle. In 1953, Jean Hanson and Hugh Huxley published phasecontrast microscopy and electron microscopy images that established the filamentous nature of the sarcomere, namely the myosin-containing thick filaments and actin-containing thin filaments. They discussed a putative third filament system, possibly a thinner actin-containing S filament, that appeared to connect one Z disc to the next. The next year, two back-to-back papers appeared in Nature, the first by Andrew Huxley and Rolf. Niedergerke, the second by Hugh Huxley with Jean Hanson. Independently, they proposed the sliding of actin filaments and myosin filaments. These two filaments quickly became firmly established in the literature and, even today, they remain the basis for the sliding filament hypothesis. The putative third filament concept was dropped, mainly through the lack of evidence but also because it was difficult to accommodate in the hypothesis where two sets of filaments maintained their lengths constant while sliding produced sarcomere shortening. The view that actin and myosin comprise more than 80% of the myofibril proteins also made it difficult to accommodate a major new protein. In the following years, using selective extraction of myosin and actin, dos Remedios (PhD thesis, University of Sydney, 1965) revealed a residual filament system in the sarcomere, and, once again, a third filament system re-entered the literature. Filaments were reported crossing the gap between the ends of thick and thin filaments in highly stretched muscle fibres. These and other early studies necessarily focussed on light and electron microscopy, and set the scene for investigations into the chemical nature and biophysical functions of the third filament system for striated muscles. Further progress had to wait for the improvement and/or development of a number of techniques. For example, in 1970, Laemmli (Nature 227:680-685, 1970 published an often cited method for improving SDS polyacrylamide gel electrophoresis. The Lowry et al. (J Biol Chem 193:265-275, 1951) protein assay method developed in 1950 was both unstable and insensitive in comparison, but we had to wait until 1976 for the development of the Bradford method (1976). Atomic force microscopy was not known before 1986, but it eventually enabled the direct measurement of single molecules of titin. This extraordinarily large (>10 6 Da) elastic protein became known as connectin (Maruyama in J Biochem 80:405-407, 1976) and was subsequently named titin (Wang et al. in Proc Natl Acad Sci U S A 76: [3698][3699][3700][3701][3702] 1979). Prior to the discovery of titin/ connectin, biophysicists found it difficult to understand how a single polypeptide chain could could stretch from the Z disc to the M line, a distance of more than 1 μm. It was quite literally the 'elephant in the room'. In this review, we follow the trail of microscopy-based reports that led to the emergence of what is now known and accepted as titin, an elastic third filamentous protein that is the focus of this Special Issue.
1949-1953: The earliest electron microscopy of skeletal muscle
The earliest reports involving electron microscopy of myofibrils were published by Hodge (1949, 1950) . Draper was a National Health and Medical Research Council Junior Research Fellow in the Physiology Department at the University of Adelaide. Hodge was at the Division of Industrial Chemistry at the Commonwealth Scientific and Industrial Research Organisation. Their stated aim was to identify metals in muscle that was 'incinerated' by the electron beam, but they coincidentally achieved remarkable electron microscopy images of single myofibrils by adding phosphomolybdic acid that bound to sarcomeric proteins and produced clear images of the sarcomere filaments. Figure 1 reproduces their original two figures, published in Nature. The top figure shows a single isolated, formalin-fixed, toad myofibril stained with phosphomolybdic acid. The lower figure is platinum-shadow-cast (10 Å thick) formalin-fixed toad skeletal muscle fibril at 20,000×. These images clearly show both the filamentous nature of the I and A bands, as well as distinct periodic axial repeats that were later shown to be myosin crossbridges. Figure 2 summarises their observations, suggesting that the thick filaments in the A band were continuous with the thin filaments in the I band.
Subsequently, Hodge et al. (1954) described the first transverse thin section of muscle and reported that the (130 Å diameter) thick filaments might be composed of myosin that were arranged in a hexagonal array. The lower image of At about the same time, Hanson and Huxley (1953) published a microscopy-based paper in Nature that came very close to detecting and describing what would later become known as connectin/titin filaments (Maruyama 1976; Wang et al. 1979) . Observing isolated single fibrils by phase-contrast microscopy, they showed selective extraction of an A band substance using either Guba-Straub solution (0.3 M KCl, 0.15 M phosphate, pH 6.5) or Hasselbach-Schneider solution (0.47 M KCl, 0.01 M pyrophosphate, 0.1 M phosphate, pH 6.4), both of which caused the A bands to completely dissolve. They referred to these as myosin-extracted fibrils 'ghost' fibrils. A similar result was seen using glycerinated muscle fibres that were fixed, embedded, Fig. 1 Early electron microscope images of a formalin-fixed skeletal muscle myofibril published by Draper and Hodge (1950) . The top figure was negatively stained with phosphomolybdic acid. The lower fibril was imaged by a platinum shadow technique The one-filament model of sarcomere myofilament structure proposed that actomyosin filaments extend continuously between the Z disc (Draper and Hodge 1949) . Z discs are orange, myosin thick filaments are blue, actin thin filaments are purple and the M line is green sectioned and observed on microscopy, although extraction was not as complete as fibrils. They concluded that the A substance in the thick filaments was most probably myosin. The myosinextracted sarcomeres exhibited 'brushes' of thin filaments bisected by the Z discs. They noted that the dissolution of the A bands did not disrupt the connections between sarcomeres in free-floating fibrils. When these ghost fibrils were mechanically disrupted, the actin thin filaments dissolved and the sarcomeres structure completely disintegrated. Importantly, these myosinextracted 'ghost' fibrils were made using trypsin-treated fibrils. In 1953, they did not know that titin/connectin filaments are more sensitive to digestion than any other sarcomeric protein (Horowits and Podolsky 1987) . Therefore, they concluded that there are fine filaments which cross the middle of the sarcomere that are probably composed of actin. Figure 3 summarises the conclusions of Draper and Hodge.
1954-1962: The sliding filament hypothesis
In 1954, two consecutive articles appeared in Nature (Huxley and Hanson 1954; Huxley and Niedergerke 1954) that jointly proposed the sliding filament hypothesis. These two papers provided new insights into the mechanism underlying sarcomeres in striated muscles. In essence, the Huxley and Hanson hypothesis based on electron microscopy states that the lengths of thick and thin filaments do not appreciably change during sarcomere shortening. Rather, the two sets of filaments slide relative to each other. There was no mention of S filaments (Hanson and Huxley 1953) , and Hugh Huxley later formally dropped the idea (Huxley 1962 ). This two-filament concept is illustrated in Fig. 4 and became the basis of textbook descriptions on striated muscle structure.
1963-1967: C filaments
It was not long before evidence accumulated for filamentous connections between the ends of thick filaments and the Z discs that did not involve actin filaments. Using electron microscopy, Auber and Couteaux (1963) examined insect (Diptera) asynchronous flight muscle and reported that these muscles had clear (albeit very short) filaments that extend from the ends of the thick filaments to the Z discs. Independently, Nikoli Garamvölgyi (Garamvölgyi et al. 1964) came to the same conclusion. These C filaments had a similar diameter to actin thin filaments, and it was assumed they functioned as an elastic 'spring', thereby eliminating actin as a major component. C filaments were accepted by JWS Pringle (Professor of Zoology at Oxford) (Pringle 1967 ), but they were always seen as a special adaptation of insect flight muscle and did not apply to vertebrate striated muscles in general because skeletal muscles did not exhibit similar elastic oscillatory behaviour. Figure 5 summarises the concept of the C filaments.
1962-1965: Gap filaments
At least two groups reported ultrastructure investigations of highly stretched skeletal muscle fibres. Carlsen et al. (1965) were the first to observed muscle sarcomeres that were stretched to lengths that exceeded the sum of the thick (1.8 μm) and thin (1.0 μm) filament lengths, i.e. sarcomere lengths greater than 3.8 μm.
Their principal concern was to explain how muscle fibres could produce significant contractile force at such lengths. They agreed with FS Sjöstrand (1962) , the then Editor of the Journal of Ultrastructure Research, who proposed the existence of fine filaments connecting the ends of the thin filaments to the ends of the thick filaments. When we repeated their experiments (dos Remedios CG, PhD thesis, University of Sydney 1965), we also observed the presence of thin filaments leaving the ends of thick filaments and extending through to the Z discs, confirming the presence of gap filaments, which we referred to as 'residual' filaments because they remain even after the extraction of myosin and actin ( Figure 5 ). The concept of gap filaments in this location was supported by AF Huxley (1980) , who conceded that some kind of connection was needed in order to explain how force could be developed in the absence of an overlap of the actin and myosin filaments. Figure 6 summarises the putative connections between the ends of the thick and thin filaments that could explain the presence of fine filaments seen when sarcomeres Fig. 7 An ultrathin section of glutaraldehyde-osmium tetroxide fixed, araldite-embedded longitudinal section of a rabbit psoas muscle stretched to a length of 4.2 μm. It was stained with uranyl acetate, followed by lead citrate. The insert figure reveals the presence of 'gap' filaments between the ends of the myosin thick filaments (A) in the A band and the thin filaments in the I band. Labels: BA^is the A band; BI^is the I band; BZ^is the Z disc; BG^indicates the position of fine 'gap' filaments that are better resolved in the insert were stretched past the point where the thick and thin filaments overlap. An electron micrograph of highly stretched rabbit psoas muscle is shown in Fig. 7 , with an average sarcomere length of 4.2 μm. The insert image shows fine 'gap' filaments extending from the ends of the thick filaments.
Selective extraction of myosin and actin from isolated myofibrils
While Hanson and Huxley (1953) published very good images of isolated trypsin-treated fibrils before and after myosin extraction, they did not show images of fibrils where both myosin and actin filaments were extracted. The phase contrast images of a non-trypsin-treated, single rabbit myofibril before extraction (Fig. 8a ) and after extraction with Hasselbach-Schneider solution containing 1.0 M KCl (Fig. 8b) showed Z discs and I band 'brushes'. Both the A bands and I bands dissolved after treatment with 0.6 M KI (Fig. 8c) . Note the Z discs remain in sequence but their orientation is lost when the A and I bands are removed.
When this extraction protocol was performed on similar myofibrils on carbon-filmed electron microscope grids, the filamentous nature of the sarcomeres is illustrated in Figs. 9a, b and c, respectively. Similar images have been published (dos Remedios and Gilmour 1978) .
Selective extraction of myosin and actin from suspensions of myofilaments
In 1960, Hugh Huxley cut longitudinal ultrathin sections of rabbit psoas fibres, which also showed thick filaments tapering down to be continuous with a thin filament. Most authors have reported difficulty in completely extracting myosin and actin from glycerinated muscle fibres. Even when the conditions are optimised, extracted myofibrils may leave traces of unextracted filaments. Therefore, we homogenised glycerinated rabbit psoas muscle fibres to produce a suspension of myofilaments which might be more efficiently extracted.
Thick and thin filaments were applied to carbon-coated electron microscope grids, extracted with several drops of augmented (1.0 M KCl) Hasselbach-Schneider solution or with 0.6 M KI, which dissolves both actin and myosin. At each stage of the extraction process, we applied a drop of 1% uranyl acetate and visualised the grids by negative staining in the electron microscope. In unextracted filament homogenates, we observed myosin thick filaments, some of which appeared to have thin filament extensions. As expected, numerous thin actin filaments were also present (Fig. 10a) . When the homogenate was applied to the carbon-coated grid film, washed and then extracted with augmented (1 M KCl) Hasselbach-Schneider solution, thick filaments were completely dissolved. Only thin filaments remained, some of which appeared to be attached to the remnants of Z discs (Fig. 10b) . Finally, when the homogenate was extracted with 0.6 M KI, there was a large reduction in the number of thin filaments. Those that remained were indistinguishable from the thin filaments seen in Fig. 10c . These were later formally named connectin filaments , and then, three years later, they were renamed titin filaments (Wang et al. 1979 ).
1960-1969: Filament counts in the A and I bands
By now, rabbit psoas muscle fibres, fibrils and filaments had become the gold standard source of muscle for most papers in this field. The numbers of thick and thin filaments in the overlap zone of both the A bands and I bands were first reported by Hugh Huxley (1960) . He showed that the average ratio of thick:thin filaments in the overlap zone of the A band was 1:1.92, which is very close to the number predicted (1:2) (see Fig. 4 ). When Huxley counted the number of thin filaments in the I band, he reported that this number did not significantly change (1:1.88). His paper states that he used BFilament counts in neighbouring sections through the same fibril^. In other words, he used serial sections. Fig. 9 Electron microscopy of negatively stained single myofibrils: a the filamentous nature of the A band with a clear H band showing the limits of the thick and thin filament overlap, the M band structure. Note that the ammonium-molybdate stain is excluded at the Z disc structure. In b, the myofibril was extracted with Hasselbach-Schneider solution (where the KCl concentration was increased from 0.47 M to 1.0 M). The A band has now been extracted, revealing the I band 'brushes' with their thin filament and positively stained Z discs. Stain is 1% uranyl acetate. In c, the fibrils were extracted with 0.6 M KI, which dissolves both myosin and actin. Filaments about the same diameter as actin thin filaments were low in number relative to actin filaments, and extend from the Z discs to the position of the original M line. There are clear thin A filaments that resisted extraction, which we named 'residual' filaments. Stain: 1% uranyl acetate Fig. 10 Electron micrographs of negatively stained myofilaments from glycerinated rabbit psoas muscle. Tissue was homogenised in the presence of 1 mM ATP using a Teflon-glass homogeniser and a drop was place on a carbon-coated grid film. a Thick and thin filaments; the arrow indicates a thick filament that appears to taper and become continuous with a thin filament. In b, the drop of suspended filaments was replaced by Hasselbach-Schneider solution containing 1.0 M KCl (5 min) and then rinsed with low salt buffer. It shows that only thin filaments were present after the myosin was extracted. The image appears to show a fragment of a Z disc with attached thin filaments. In c, myosin and actin were dissolved with 0.6 M KI for 10 min and then rinsed with low salt buffer. The number of thin filaments is substantially reduced compared to Fig. b Was this the 'death knell' of the putative third filament? Hugh Huxley used rabbit psoas muscle that was fixed and prepared for electron microscopy in nearly the same way as the fibres shown in Fig. 11 . However, there were small differences. For example, he did not use glutaraldehyde prior to osmium tetroxide fixation. He also stained his tissue blocks with phosphotungstic acid and his sections were stained with uranyl acetate. The tissue shown in Fig. 11 was fixed in glutaraldehyde (from which contaminating glutaric acid had been removed) and then post-fixed in 1% osmium tetroxide. There was no block staining with phosphotungstic acid, and sections were stained with lead citrate (Reynolds (1963) , followed by 60 min. exposure to 1% uranyl acetate. In Panel A, the sarcomere is sectioned transversely through the M line; in Panel B, the section passes through the overlap region of thick and thin filaments; in Panel C, the section passes through the I band; and in Panel D, the section is cut close to the Z disc. The question of the location of a third thin filament system cannot be addressed using random sections, but it might be answered by counting serial sections through a single sarcomere.
Serial transverse sections
We used serial transverse sections to resolve the filament count question by examining rabbit psoas muscle prepared under the conditions described for Fig. 11 . If the proposed residual filaments do indeed join the thick filaments as A B C D Fig. 11 Panel A (top left) shows a transverse section across rabbit psoas muscle fibres at the level of the M line where fine bridges can be seen connecting the thick filaments. There is no evidence for anything resembling thin filaments. In Panel B (top right), the hexagonal array of thick filaments is surrounded by a hexagonal array of thin filaments. Panel C (bottom left) shows thin filaments in the I band, where their regular hexagonal arrangement becomes more random. Sections close to the Z disc (Panel D, bottom right) were avoided because, although their tetragonal arrangement made them easier to count, as the thin filaments approached the Z discs, they appear to split into two more sub-filaments and are associated with an unknown Z disc protein suggested above, they will not be seen in the A band but will be identified in the I bands. The left and right panels of Fig. 12 show sections passing through the A band and I bands, respectively, of a single sarcomere. Micrographs like these were given to an observer who had no training in biology. She was told that the images were of transverse sections through two regions of muscle where the filaments were either thick or thin. The observer was asked the decide if the filaments were either thick or thin, and then to count the numbers in the two regions. Thick and thin filaments were counted in 23 serial sections through sarcomeres in 14 different myofibrils. The observer confirmed Huxley's observation that, in the overlap zone of the A band, the ratio of thick:thin filaments was 1:2.08 and that the ratio of thin filaments present in the I bands of the same sarcomere increased to 1:2.79. The 1:2.8 figure was less than the 1:3.0 ratio we predicted to be present in the I band if the third filament present in the I band joined the tip of a thick filament at the A-I junction. We examined the influence of increased print contrast and longer exposure times of the prints, but this could only account for a small fraction (2.7%) of the increase (dos Remedios 1965). We, therefore, concluded that there were significantly more thin filaments in the I band than was predicted from the two-filament model. At the time, we were unable to explain why the third filament was less than 1:3.
A recent review by Wolfgang Linke (2008) shows that, while titin filaments remain separated from the thin filaments along most of their length, they do bind to filamentous actin and would appear as a somewhat thicker thin filament. Perhaps this is the explanation for the slightly low 1:2.8 figure. This concept is summarised in Fig. 13 .
Ockham's razor
How could we explain the appearance of 'gap' filaments in highly stretched muscle fibres? Why did the 'ghost' fibrils seen under the phase-contrast microscopy not disintegrate when myosin was extracted from the thick filament? What was holding the Z discs in line as they were observed to float by the objective lens? How could we explain the electron microscope images of filaments that seemed to resist myosin and actin extraction? Why did some thick filaments appear to have thin filament extensions?
The 14th century logician William of Ockham devised the principle that entities should not be multiplied unnecessarily. We can apply this to the problem of explaining whether there are two or three sets of filaments in the striated muscle.
When we apply this principle to the data presented in this review, separate assumptions need to be explained. (1) In Fig. 7 , how do we explain the so-called 'gap' filaments in over-stretched fibres? Answer: The titin filaments are highly Fig. 13 A model of the current knowledge of the arrangement of actin (purple), myosin (blue) and titin (red) filaments in the striated muscle sarcomere. Here, titin is shown as joining the Z disc to the M line, while making variable contact with the actin filaments elastic and can unfold to accommodate these long sarcomere lengths. (2) In Figs. 8 and 9, why do the fibrils not fall apart when actin and myosin are extracted? Answer: Because some of the proteins were denatured and remained to hold the Z discs together. (3) In the serial section filament counts, why is the ratio of thick:thin filaments neither 1:2 nor 1:3? Answer: Because when titin binds to actin thin filaments, the ratio will appear to be lower than predicted.
While separate explanations are required for each of the above observations, Ockham's razor suggests that all of them can be explained by assuming the presence of a titin-based third filament type that is similar in diameter to the actin thin filaments.
Remaining questions
While titin, with its 38,138 amino acids approximately (∼3.8 MDa), provides the single best explanation for the protein composition of the third filament, it is conceivable that other giant proteins might lend a hand. Novex-3 (Bang et al. 2001 ) is a smaller isoform of titin consisting of 5604 amino acids (0.7 MDa). Its N-terminus is located in the Z disc and its Cterminus extends for some distance into the I band. Obscurin (Young et al. 2001 ) is another giant protein comprising 34,350 amino acids (0.7 MDa). It has been located at various sites between the Z disc and the M line. Novex-3 and obscurin are known to form a very tight complex, and, according to Bang et al. (2001) , the two proteins could conceivably form an elastic Z-disc-to-I-band protein linking the Z discs and the I bands.
We know that titin mutations are the probable cause of about a quarter of cases of familiar dilated cardiomyopathy (Herman et al. 2012 ), but it is not known how truncation mutants cause the cardiomyopathy. Perhaps the recent measurements of single-molecule elasticity reported recently (Mártonfalvi et al. 2014) will provide new clues to this puzzle.
